1. Introduction
Scientific Motivation
[2] The works by Strobel [2008 Strobel [ , 2009 Strobel [ , 2010 and Yelle et al. [2008] inferred that CH 4 was escaping Titan at rates of up to 44-66 kg/s globally (∼2.0-3.0 × 10 13 CH 4 m −2 s −1 ), and they have suggested that these high outflows of methane are required to reproduce Ion Neutral Mass Spectrometer (INMS) [Waite et al., 2004] , globally) on the neutral carbon outflow from Titan [Crary et al., 2010; Smith et al., 2009] .
[3] Bell et al. [2010a Bell et al. [ , 2010b (hereinafter referred to as part 1 and part 2, respectively) sought to simulate configurations of Titan's upper atmosphere, between 500 km and 1500 km, that could reproduce the average INMS mixing ratios and densities between TA and T40 with high accuracy. Using the Titan Global Ionosphere-Thermosphere Model (T-GITM), the authors presented simulations that self-consistently calculated the upper atmosphere's composition, thermal structure, and vertical dynamics. The major results from these two initial studies were that: (1) the uncertainties in our current knowledge of the temperatures and densities between 500 km and 1000 km allow for a wide range of potential configurations of Titan's upper atmo-sphere and (2) given these large uncertainties, there exist simulated configurations of Titan's upper atmosphere that can reproduce INMS composition with high accuracy while using low escape rates of methane.
[4] In particular, Bell et al. [2010b] demonstrated that T-GITM could reproduce the INMS composition of Magee et al. [2009] , which fell within the upper limits imposed by the CAPS and MIMI magnetosphere carbon ion measurements. The low methane escape scenarios were achieved when using: (1) a methane homopause of roughly 1000 km or (2) a methane homopause of roughly 950 km combined with aerosol trapping as an additional loss process for methane. Moreover, Bell et al. [2010b] found that the topside escape rates of CH 4 required to match the INMS methane measurements varied significantly among the ten different configurations presented, suggesting that the T-GITM estimates for methane escape were sensitive to variations in the different simulations' thermal structures, density structures, methane homopause altitudes, and total methane chemical destruction.
[5] Ultimately, in work by Bell et al. [2010b] , we found that three key variables appeared to impact the model's simulated methane densities and topside escape rates: (1) the lower boundary methane mixing ratios (at 500 km), (2) the total amount of turbulence in the simulation (i.e., the CH 4 homopause altitude), and (3) the amount of methane chemical destruction included in a given simulation. Moreover, these three parameters were found to be interrelated. For instance, by increasing the amount of turbulence in the atmosphere (i.e., increasing the methane homopause), we could impose higher methane mixing ratios at 500 km and still match the INMS data above 1000 km. Similarly, when reducing the chemical destruction of methane to 0.0 in Model 3 (NC) of Bell et al. [2010b] , we also found that, in order to match INMS data, we had to reduce the methane mixing ratio at 500 km. However, while parts 1 and 2 isolated some of the parameters needed to reproduce the INMS methane data above 1000 km with T-GITM, we did not explore the details of the chemistry and physics in those simulations.
[6] In this investigation, we expand upon the results of Bell et al. [2010a Bell et al. [ , 2010b by isolating the different chemical and physical mechanisms that impact the vertical methane fluxes in T-GITM. First, we investigate the vertical fluxes from a representative T-GITM simulation taken from Bell et al. [2010b] , Model 7. We show that (1) the N 2 -CH 4 momentum coupling, and (2) the column-integrated chemistry play major roles in determining the vertical methane escape fluxes required by T-GITM to reproduce INMS composition. Second, we incorporate revised constraints on the methane homopause provided by a recent update to the 40 Ar abundance and 14 N/ 15 N isotopic ratio measured by the Huygens Gas Chromatograph Mass Spectrometer (GCMS) in work by Niemann et al. [2010] . Using these updated composition constraints, we show that the CH 4 homopause is most likely near 1000 km. Similarly, we illustrate that increasing the total photochemical destruction of methane by ∼10% allows T-GITM to simultaneously match both the INMS data and the updated GCMS methane mixing ratio measurements. Finally, we test the uniqueness of the T-GITM results using a separate, 1-D hydrostatic diffusion model that approximates the model of Yelle et al. [2008] and provides an independent estimate for the CH 4 escape rates required to match INMS data.
Overview of T-GITM
[7] Details of the Titan Global Ionosphere-Thermosphere Model (T-GITM) are provided by Bell et al. [2010a Bell et al. [ , 2010b . This model is a 3-D non-hydrostatic Global Circulation Model (GCM) that solves the time-dependent Navier-Stokes equations between 500 km and 1500 km on a spherical altitude grid. In this study and in parts 1 and 2, T-GITM operates in a 1-D configuration by neglecting the horizontal components of the Navier-Stokes continuity, momentum, and energy equations. The 1-D T-GITM rotates with the planet, allowing the model to capture the diurnal variations at a specific latitude, as is done by Bell et al. [2011] , and electrons equal to the total ion content to provide charge neutrality. All species are coupled through a reduced ionneutral chemical scheme that focuses on the formation of HCN [Bell et al., 2010a] .
[8] We specify fixed boundary conditions on the densities, winds, and temperatures at the lower boundary (500 km). These boundary conditions do not evolve over the course of the simulation, and we use the most relevant lower atmospheric data available from Cassini instruments to constrain the temperatures and composition at 500 km [see Bell et al., 2010a Bell et al., , 2010b . The vertical winds at 500 km are assumed to be zero, since no reliable measurements exist.
[9] At the upper boundary, we assume that the gradients of the winds and temperatures vanish. For H 2 and H, we specify the Jeans escape velocities based upon the temperature at the exobase (roughly 1500 km). For the neutral densities, we assume that the second derivative in the density gradient vanishes across the upper boundary for escaping species (i.e., H 2 and H), while the other major species adopt their molecular diffusive scale height at the upper boundary. This approximation is valid for species that are not escaping (i.e., N 2 and CH 4 ). If we want to simulate enhanced methane escape, then we can impose an enhanced escape speed for CH 4 at 1500 km consistent with Strobel [2009] and Yelle et al. [2008] . The most critical boundary conditions for the T-GITM simulations of this investigation are presented in Tables 1 and 2. [10] In addition to the boundary conditions, the parameterization of turbulence represents a key determinant for the simulated vertical methane fluxes. T-GITM characterizes this turbulence according to the following formulation from Atreya [1986] :
In this equation, K(0) and N(0) represent the eddy diffusion coefficient and the total neutral density at the model's lower boundary, respectively, while K(r) and N(r) represent the same parameters at a specific radial distance, r. Finally, K max is the maximum, asymptotic value for K(r) allowed in a given simulation. This formulation approximates the impacts of sub-grid scale turbulence induced by unresolved vertically propagating gravity waves [cf. Krasnopolsky, 2009 ].
INMS Data
[11] As in parts 1 and 2, we compare T-GITM simulated densities and mixing ratios of N 2 , CH 4 , H 2 , 40 Ar, and HCN to the measurements made by INMS, as determined by the data reduction methods of Magee et al. [2009] . Since we utilize a 1-D configuration of T-GITM, we take the INMS data between TA and T40 and combine them into a single, one-dimensional, mean profile with associated uncertainties (note that these uncertainties are not due to counting statistical errors, but are due to geophysical variations among the flybys). The details involved in generating these mean INMS data sets are provided by Bell et al. [2010a] and Bell et al. [2010b] . Figure 11 in part 1 illustrated that T-GITM simulations matching the INMS densities scaled up by a multiplicative factor of 3.0 best matched the combined temperature and density measurements made by the Huygens Atmospheric Science Instrument (HASI) and by the Composite Infrared Spectrometer (CIRS) [Achterberg et al., 2008; Fulchignoni et al., 2005] . Thus, we only consider T-GITM simulations that match the INMS data of Magee et al. [2009] scaled up by this uniform factor of 3.0.
The Mechanisms Determining the Vertical Methane Fluxes of T-GITM
[12] The works of Bell et al. [2010a Bell et al. [ , 2010b established that the T-GITM methane homopause altitude significantly impacted the vertical methane escape fluxes required to reproduce the INMS measurements between TA and T40. Parts 1 and 2 used a series of T-GITM simulations with varying eddy diffusion profiles to illustrate this. Now, we demonstrate that, in addition to the homopause altitude, two other processes significantly modify the methane escape fluxes required by T-GITM: (1) the vertical momentum coupling between N 2 and CH 4 , and (2) the column-integrated CH 4 chemical destruction. In order to accomplish this, we examine the different aspects of the simulated methane fluxes in Model 7 from Bell et al. [2010b] . We choose this simulation because: (1) it matches the INMS data of Magee et al. [2009] scaled up by a factor of 3.0, (2) it does not include aerosol trapping, and finally (3) it does not rely upon ad hoc adjustments to the lower boundary 40 Ar mixing ratios relative to those measured by GCMS [Niemann et al., 2005] .
[13] Although Model 7 is discussed in great detail by Bell et al. [2010b] , key fields from this simulation are presented in Figure 1 , and the most salient lower boundary conditions are listed in Tables 1 and 2. Figures 2a and 2b , scaled so that they are referenced to the surface of Titan. Figure 2a depicts the vertical methane fluxes between 500 km and 1450 km, while Figure 2b highlights the same fluxes between 500 km and 700 km. Beginning at 500 km, the vertical methane fluxes increase with altitude up to a local maximum at 550 km, as shown more clearly in Figure 2b . Above 550 km, the vertical methane fluxes decrease with altitude until 850 km. Between 850 km and 900 km, the fluxes increase slightly, and, above 900 km, the vertical methane fluxes then decrease again until reaching an asymptotic value near 1450 km, which is the vertical escape flux of methane reported in Table 2 of 3.24 × 10 12 CH 4 m −2 s −1 .
Reduced Momentum Equation
[15] Having examined the altitude profile of the CH 4 vertical fluxes in Model 7, we next investigate the dynamical terms in T-GITM that result in the variations noted above. Analyzing every term in the T-GITM vertical momentum equation is both unenlightening and cumbersome. In order to simplify this analysis, we consider a reduced form of the full vertical momentum equation by Bell et al. [2010a] , outlined in work by Schunk and Nagy [2000] , and given by
In this expression, F s is the vertical flux of methane, D s is the total molecular diffusion coefficient for methane, D sN 2 is the 167.7 175.0 -a K max is the maximum, asymptotic value of the K(r), while K 0 is the value adopted at 500 km.
CH 4 -N 2 binary diffusion coefficient, N is the total density, T is the temperature, n s is the density of methane, c s is the mole fraction of methane, K is the eddy diffusion coefficient, and F N 2 is the vertical flux of N 2 .
[16] This formula is derived directly from the T-GITM vertical momentum equation by Bell et al. [2010a] by eliminating the time-dependent terms, the gradients of velocity, and the sum over species in the momentum coupling terms. This expression retains only the CH 4 -N 2 velocity coupling term in the form of F N 2 . Figures 3a and 3b depict the terms on the right-hand side of equation (2) for Model 7 of Bell et al. [2010b] . There are several curves on these plots and we enumerate them as follows: (1) ) given by [17] First, we note that the actual CH 4 methane vertical fluxes (black curves) of Figure 2 and the approximation given by equation (2) (yellow curves) remain very consistent with one another. This indicates that equation (2) adequately approximates the dominant forces acting on methane in the T-GITM simulations. Note that the yellow curves in Figure 2a are a summation of the grey, red, and blue curves, while the yellow curves in Figure 2b are the combination of the grey and magenta curves.
[18] As seen in Figures 3a and 3b, the N 2 -CH 4 interaction (grey curves) significantly modifies the overall vertical methane fluxes below the methane homopause altitude of 950 km. Above 950 km, the grey curve rapidly decreases to nearly 0.0,meaning that the collisional forces between N 2 and CH 4 do not extend much above the homopause, which is consistent with the transition from a well-mixed homosphere to a molecular diffusive heterosphere. In the lower atmosphere, these collisional forces can both locally enhance the vertical methane fluxes (positive values of the grey curve 600 km), and locally limit vertical methane fluxes (negative values of the grey curve between 700 km and 1450 km). [19] Next, we note in Figure 3a that the downward (i.e., negative) eddy diffusive fluxes (red curves) contribute significantly to the overall momentum balance at all altitudes, maximizing deep in the turbulent regime of the lower thermosphere (below 800 km). These eddy diffusive fluxes are opposed by the upward molecular diffusive fluxes (blue curves), which represent another major component of the methane vertical momentum balance. Figure 3b combines the eddy diffusive and molecular diffusive fluxes into a single magenta curve. In this plot, we note that the vertical variations in the black and yellow curves (the full methane fluxes simulated by T-GITM) closely correlate with the variations in the grey curve. The variations in this grey curve are due to the vertical N 2 velocities, which are calculated in T-GITM from first principles.
[20] Figure 4 depicts the N 2 vertical winds simulated by Model 7 and there are 3 curves: (1) black lines represent the diurnal mean, (2) red lines represent the dawn terminator, and (3) blue dashed lines represent the dusk terminator. The nitrogen velocities exhibit upwelling on the dayside and downwelling on the nightside. Using the diurnally averaged speed of Nitrogen near the top of the model, we estimate that the net escape varies between 2.0-6.0 × 10 10 N 2 m −2 s −1 (or ∼10 24 N 2 /s globally) among the simulations. Figure 4b highlights these velocities between the altitudes of 700 and 1000 km. As shown in this plot, the diurnally averaged N 2 velocities reach a minimum value near 850 km (black line). This minimum correlates with the most negative values of the N 2 -CH 4 coupling in Figures 3a and 3b . This suggests that the heavier background gas N 2 is locally limiting the upward flow of CH 4 in the homopause region.
CH 4 Mass Balance
[21] As shown in the last section, dynamical coupling between CH 4 and N 2 represents an important mechanism determining the local vertical methane fluxes simulated by T-GITM. However, as noted in Figure 2 , the overall trend in the methane fluxes is to decrease with altitude from the lower boundary at 500 km up to an asymptotic value near 1450 km. The only mechanism capable of irreversibly removing methane material from the atmosphere (besides atmospheric escape) is chemical destruction [cf. Bell et al., 2010a Bell et al., , 2010b Strobel, 2009; Krasnopolsky, 2009] . Figure 5 depicts an altitude profile of the total chemical destruction of methane in T-GITM Model 7. The details of the chemistry are given by Bell et al. [2010a] , and, as shown in that work, the end product of the methane chemistry is the formation of C 2 H 4 , which is then transported down through the model lower boundary.
[22] In order to demonstrate the effects of CH 4 chemical destruction quantitatively, we employ a reduced version of the continuity equation, obtained after dropping the timedependent terms to give
In this expression, F CH 4 is the vertical methane flux and P CH 4 , L CH 4 are the methane chemical production and loss, respectively. Integrating this formula throughout the modeling domain, from r 0 = 500 km up to r top = 1500 km, results in the following expression:
or, equivalently, Here, F IN represents the upwelling methane fluxes from the lower atmosphere and F OUT is the topside methane escape required by the model. Table 4 quantifies these terms in Model 7, showing that T-GITM satisfies this mass balance criterion (i.e., that F IN + (IntegratedChemicalLoss) ∼ F OUT ) to within ∼3%. This slight imbalance suggests that the time rate of change in the methane densities, which is omitted from equation (3), contributes roughly 3%to the total mass balance in this simulation.
[23] As seen in this table, the chemical destruction of methane in Model 7 is compensated by the upwelling of CH 4 material from the lower atmosphere. Figure 3 illustrates that the upwelling methane material is facilitated by: (1) momentum coupling with the N 2 vertical winds below 600 km and (2) through the combination of the eddy and molecular diffusive components in the vertical force balance. Most importantly, Table 4 reveals that, in addition to the dynamical mechanisms at work, the column-integrated destruction of methane represents a key factor in determining the topside escape rates required by T-GITM to reproduce INMS data.
Brief Summary
[24] Several studies have demonstrated that the vertical methane fluxes required to match INMS data are sensitively dependent upon the methane homopause altitude [cf. Bell et al., 2010a Bell et al., , 2010b Strobel, 2009; Yelle et al., 2008] . In this section, we have demonstrated that, in addition to the homopause altitude, both the collisional interaction between CH 4 and N 2 and the column-integrated chemical destruction of methane are also integral to the T-GITM simulations. The resulting vertical methane fluxes in Figure 2 possess significant variations with altitude.
[25] As demonstrated by Figure 3 , the impacts of the N 2 -CH 4 coupling are significant at all altitudes below the homopause. Moreover, variations in the N 2 -CH 4 momentum coupling terms are tightly correlated with variations in the diurnally averaged N 2 vertical winds shown in Figure 4 . As noted before, N 2 typically functions to limit the upward flow of methane, but it can also locally enhance the upward flow of methane, as it does in Figure 3 between 500 km and 600 km. Above the homopause, the N 2 -CH 4 coupling terms are significantly reduced, which is consistent with the transition from the collision-dominated lower thermosphere and the molecular diffusive upper thermosphere.
[26] The column-integrated chemical destruction of methane is also integral to simulating the vertical methane content in Titan's upper atmosphere, as demonstrated in section 2.2. The upwelling material through the model lower boundary is destroyed through chemical means, reducing the amount of material available at the upper boundary to escape. This suggests that increasing the chemical destruction of methane would result in a reduction in the topside escape fluxes of T-GITM required to reproduce INMS data, keeping all other parameters constant.
[27] However, it is important to note that the homopause altitude, the N 2 -CH 4 coupling, and the chemical destruction of methane are not completely independent. For instance, increasing the methane homopause altitude, allows the N 2 -CH 4 coupling to extend to higher altitudes. As seen in Figure 3 , the net effect of the N 2 -CH 4 coupling near the homopause is to reduce or limit the upward flow of methane. Thus a higher homopause allows N 2 to limit the upward flow of CH 4 over a larger region of the atmosphere. Simultaneously, adjustments to the homopause altitude will impact the eddy diffusive fluxes, modifying the simulated mixing ratios below the homopause. These modifications will then alter the local methane densities, impacting its local chemical destruction in the upper atmosphere. Hence, while one can treat these mechanisms as independent of one another, they are, in fact, highly coupled and their impacts cannot be separated in a trivial fashion.
Updated Constraints for Methane Escape
[28] As shown in the previous section, the homopause altitude, the N 2 -CH 4 coupling, and the total integrated chemical loss of methane represent equally important and mutually dependent processes that determine the escape of methane in T-GITM simulations matching the INMS data of Magee et al. [2009] . Now, we examine the impacts on the calculated methane homopause when we incorporate a recent re-analysis of the Huygens GCMS data by Niemann et al. [2010] . The latest GCMS analysis specifies the 40 Ar mixing ratio deep in the atmosphere to be 3.39 ± 0.12 × 10 −5
, which are roughly 20% below the previous value of 4.32 ± 0.10 × 10 −5 in work by Niemann et al. [2005] . Moreover, Niemann et al. Table 1 . The adjustments to the lower boundary conditions relative to Model 7 were required due to the imposition of the new GCMS constraints from Niemann et al. [2010] . Table 2 lists the methane homopause altitudes, and the required topside escape fluxes of F CH4 . As found by Bell et al. [2010b] , the lower methane homopause of 880 km in Model 11 necessitates high escape rates of 1.70 × 10 13 CH 4 m −2 s −1 that must be imposed as upper boundary conditions in order to reproduce the INMS data. By contrast, the 985 km CH 4 homopause altitude in Model 12 allows T-GITM to match INMS using much lower methane escape rates.
[30] In order to better establish a proper homopause altitude for methane, we use two tracer species that are simultaneously measured by both GCMS N is a photochemically active species. Because of this, we must also include the enhanced photodissociation of this isotopic species outlined by Liang et al. [2007a] . However, rather than re-creating the detailed treatment of Liang et al. [2007a] , we use a parameterization of the enhanced photodissociation rates from that previous work. We accomplish this by multiplying the calculated [2007a] and adjusted to account for the factor of 3.0 in densities (i.e., the peak of the photodestruction has been shifted up by a scale height). a very similar fashion. Table 3 quantitatively corroborates this assessment, providing the arithmetic percent deviations between T-GITM and INMS data.
[33] Figure 6 and Table 3 indicate that there is a significant difference between the low methane homopause simulation . For these reasons, Model 12 and its methane homopause altitude of 1000 km appears to be more consistent with the combined INMS and GCMS measurements.
Impacts of Altering the Methane Chemistry in T-GITM
[35] The last section demonstrated that the updated GCMS composition measurements of both 40 Ar and the 15 N/ 14 N, combined with INMS measurements, imply a methane homopause of ∼1000 km. As seen in Table 1 , Model 11 and Model 12 both use different settings for the lower boundary mixing ratio of CH 4 , where Model 11 uses a 1.1% methane mixing ratio at 500 km and Model 12 uses a higher methane mixing ratio of 1.35% at 500 km. However, since the T-GITM lower boundary resides at 500 km, the methane mixing ratios in Models 11 and 12 should match the Huygens GCMS measurements by Niemann et al. [2010] (1.48 ± 0.09%). Thus, instead of using methane mixing ratios of 1.1% or 1.35% at the lower boundary, the model should be able to accommodate a mixing ratio within the range of GCMS and still reproduce the INMS data at higher altitudes.
[36] In this section, we demonstrate that alterations to the total column-integrated chemical destruction of methane allow us to modify the lower boundary methane mixing ratio of methane in T-GITM. By increasing the net chemical (or physico-chemical) destruction of methane, T-GITM can match INMS data, and impose higher methane mole mixing ratios at 500 km. By contrast, eliminating the methane chemical losses, requires that we reduce the methane mixing ratios significantly at 500 km. In order to demonstrate this, we now examine two new simulations, based upon Model 12: (1) a simulation that includes no chemical loss of methane, Model 12(NC); and (2) a simulation that includes an additional physic-chemical loss to aerosols, Model 12(Aero).
[ 
CH 4 m
−2 s −1 (or, equivalently ∼8.0 × 10 −14 g cm −2 s −1 ). In order to maintain consistency with Model 12 and to limit the number of parameters that change, we have also maintained the same topside escape rate of methane for Models 12(NC) and 12(Aero). Finally, we note that, in Model 12(NC), T-GITM still calculates the chemical destruction of CH 4 to drive the formation of minor species; however, the model does not subtract this chemical destruction from the methane itself.
[38] The key settings for Models 12(NC) and 12(Aero) are shown in Tables 1 and 2 , and we compare the resulting methane abundance profiles in Models 12, 12(NC), and 12(Aero) in Figure 9 . Table 5 summarizes how altering the column-integrated destruction of methane impacts the lower boundary methane mixing ratios that can be used by the T-GITM simulations to reproduce the INMS data. As seen in this table, when keeping both the methane homopause and topside escape rates constant, T-GITM can accommodate higher methane mixing ratios at 500 km when using higher photochemical destruction of methane.
[39] In Model 12(NC), we must reduce the CH 4 mixing ratio settings at 500 km down to 1.1% in order to match the INMS measurements above 1000 km and keep the topside escape rates the same as those in Model 12. This required reduction in methane lower boundary mixing ratios can be explained by re-examining equation (2). According to equation (2) reducing the methane mixing ratio (and consequently n s ) deep in the atmosphere effectively "chokes off" the vertical flow of methane into the model, because the upward molecular diffusive fluxes of methane are directly proportional to the abundances of CH 4 . The subsequent reduction in the upward methane fluxes in Model 12(NC) effectively offsets this simulation's lack of CH 4 chemical loss.
[40] By contrast, Model 12, which includes 3.65 × 10 13 CH 4 m −2 s −1 of methane destruction, can match INMS data while utilizing methane abundances of 1.35% at 500 km. Furthermore, after adding an additional 3.0 × 10 12 CH 4 m −2 s −1
(referred to the surface) of column-integrated aerosol trapping, T-GITM Model 12 (Aero) can match the INMS data of Magee et al.
[2009] using a lower boundary methane mixing ratio of 1.43%, which lies within the measurement range of GCMS (1.48 ± 0.09%) in work by Niemann et al. [2010] .
This additional destruction of methane need not necessarily come from aerosols. Any process that provides an additional 10% dissociation of methane over solar-driven chemistry (i.e., electron precipitation) can be used in place of aerosol trapping. However, the ubiquity of hazes and aerosols in Titan's upper atmosphere makes aerosol trapping a compelling candidate for one such process [cf. Bar-Nun et al., 2008; Liang et al., 2007b] .
1-D Diffusion Model
[41] Section 3 examined the impacts of altering both the methane homopause and altering the column-integrated chemistry in T-GITM. Next, we investigate the results from a model that does not include the N 2 -CH 4 coupling terms that are also identified as critical to T-GITM simulations. However since T-GITM is an inherently non-hydrostatic model, removing this critical piece of physics makes the resulting model less numerically stable and the results questionable. Thus, instead of attempting to recreate a new "hydrostatic GITM," we next investigate the results from an independent, hydrostatic diffusion model that solves equation (2). This allows us to examine the impacts of removing this N 2 -CH 4 coupling term from simulations of Titan's upper atmosphere and provides an independent estimate for methane escape fluxes.
Diffusion Model Description
[42] In this section we outline the development of an independent, hydrostatic 1-D diffusion model that we use to reproduce the averaged INMS data of Magee et al. [2009] . This 1-D hydrostatic diffusion model numerically solves equation (2) between 100 km and 1500 km, after removing the influence of the N 2 vertical dynamics and ignoring methane chemical losses in the upper atmosphere (see Appendix A for the details). After these simplifications, one arrives at the following approximation for the vertical momentum equation:
This can be re-written by isolating the gradient of the methane mixing ratio, c s , leading to the following expression [see Yelle et al., 2008] :
where we have introduced the limiting flux,
, the species-specific scale height H s = k b T m s g , and the mean atmospheric scale height given by Hunten, 1973] . The CH 4 mixing ratio is set to 1.1% at 100 km. K 0 is the eddy diffusion coefficient at 100 km. F CH 4 is the methane escape flux imposed at 1500 km.
Diffusion Model Results
[43] Using the diffusion model outlined above, we present two new simulations (Models A and B in Table 6 ) of Titan's upper atmosphere. Model A uses the methane and argon lower boundary conditions established in work by Yelle et al. [2008] in order to provide a direct comparison between this model and the previous hydrostatic diffusion model. Model A matches the 40 Ar of Yelle et al. [2008] , which imposes a methane homopause altitude of ∼840 km. Moreover, Model A provides a calibration benchmark simulation with respect to the work by Yelle et al. [2008] , allowing us to immediately validate this new 1-D model.
[44] Model B is identical to Model A, except now, the updated GCMS argon mixing ratios are used at the lower boundary at 100 km and it matches the 40 Ar of Magee et al. [2009] . Using these constraints, Model B possesses a methane homopause of nearly 1000 km. Both hydrostatic simulations match the INMS densities of Magee et al. [2009] scaled up by a factor of 3.0 (Models A and B). Tables 6 and 7 contain the key boundary conditions and error analysis, respectively, for these hydrostatic simulations. We note that both hydrostatic models impose a lower boundary methane mixing ratio of 1.1%, which is consistent with the lower boundary constraints required by the T-GITM Model 12 (NC).
[45] The results from Models A and B are presented in Figures 10-11 and in Tables 6 and 7. Figure 10 shows the vertical temperature profile used in the 1-D model in Figure 10a and the simulated total neutral densities in Figure 10b . In Figure 10a , the thermal structure between 100 km and 500 km is adapted from the CIRS measurements presented by Teanby et al. [2007] . Above 500 km, the temperatures in Figure 10 are taken from the T-GITM Model 7 thermal structure. Similarly, Figure 10b presents the simulated (black line) total neutral densities that match the INMS total densities of Magee et al. [2009] scaled up by a factor of 3.0 (yellow circles).
[46] Figure 11 contains the simulated mixing ratios from the diffusion model for the two simulations. Figure 11a Table 7 , illustrating quantitatively that each hydrostatic simulation reproduces N 2 and CH 4 densities and mixing ratios equivalently well on a goodness-of-fit basis. Note that, in this to reproduce INMS methane composition and imposes a methane homopause altitude of ∼840 km. Using almost identical constraints, Yelle et al. [2008] inferred methane escape rates between 2.5-3.0 × 10 13 CH 4 m −2 s −1 are required to reproduce INMS data using a homopause at 840 km. We note that the study by Yelle et al. [2008] utilizes a different thermal and density structure, since they were matching the unscaled INMS densities, and this may explain why the hydrostatic model of this study infers methane fluxes that are roughly 15% higher than the previous study. The close agreement between Model A and Yelle et al. [2008] indicates that this model is consistent with that earlier work and provides a validation for the approach taken here.
[48] By contrast, Model B uses the updated GCMS 40 Ar constraints from Niemann et al. [2010] , which places the methane homopause location at roughly 1000 km, and it requires methane escape rates of 1.0 × 10 10 CH 4 m −2 s −1 to reproduce INMS data. These lower escape rates in Model B fall within the upper limits inferred from CAPS and MIMI observations (1.1 × 10 10 molecules m −2 s −1 ). This result is very similar to that of Model 12(NC), indicating that T-GITM and the hydrostatic diffusion model are also in excellent agreement under similar parameter settings and when ignoring methane chemistry. This further demonstrates that the high-homopause, low escape rate scenario for reproducing INMS methane observations is not unique to T-GITM, and it can be reproduced by an independent 1-D hydrostatic model.
Discussion and Analysis
[49] In section 2, we outline three fundamental parameters and processes that are critical to determining the vertical methane fluxes in the Titan GITM framework: (1) the methane homopause altitude, (2) the N 2 -CH 4 coupling, and (3) the total column integrated chemical (and physicochemical) destruction of methane. Figures 2 through 4 illustrate the interplay between these three core aspects of T-GITM. First the homopause altitude, once set, determines the extent of the homosphere in T-GITM and the magnitude of the eddy diffusive fluxes in Figure 3 . Simultaneously, changing the methane homopause altitude alters the altitudes over which N 2 can modify the upward flow of methane (see grey curves in Figure 3) . Similarly, altering the homopause will also vary the local CH 4 densities (mixing ratios) at high altitudes, subsequently modifying its vertical chemical destruction.
[50] In section 3, we first examined the implications of the updated analysis of the GCMS data by Niemann et al. [2010] , who reported a modified 40 Ar mixing ratio of 3.39 ± 0.12 × 10 −5 and an updated 14 N/ 15 N ratio of 167.7. Using these two metrics, in addition to the INMS data reduced by Magee et al. [2009] , we conclude that a homopause of ∼1000 km is necessitated to accurately reconcile measurements of both N ratio by both instruments. This is the first attempt at using multiple minor species to constrain the methane homopause altitude at Titan, and both species give a consistent answer. Using a methane homopause altitude of 1000 km, the T-GITM simulation Model 12 reproduces the INMS methane using a methane of escape flux , which is consistent with both CAPS and MIMI observations in the magnetosphere.
[51] However, despite the ability of Model 12 to reconcile GCMS, INMS, HASI, CIRS, CAPS, and MIMI measurements, it must still use a lower boundary mixing ratio of 1.35%, which is lower than the range of GCMS measurements, which are 1.48 ± 0.09% [Niemann et al., 2010] . We next demonstrate that, by adding an additional loss of methane equivalent to 3.0 × 10 12 CH 4 m −2 s −1 (referred to the surface), the T-GITM simulation Model 12 (Aero) could then replicate the INMS data using a lower boundary methane mixing ratio of 1.43 % (while using methane escape rates consistent with CAPS and MIMI).
[52] This additional chemical loss of methane amounts to only a 10% correction to the column-integrated photochemical destruction of methane in T-GITM, which ranges between 3.625-4.30 × 10 13 CH 4 m −2 s −1 (see Tables 4  and 5 ). While a direct comparison with T-GITM estimates is unavailable (i.e., no other photochemical study has explicitly focused on the altitude region above 500 km), other investigations have estimated integrated chemical destruction of methane from the surface up to the exobase ranging between 5.0 × 10 13 CH 4 m −2 s −1 in work by Wilson and Atreya [2004] up to 1.5 × 10 14 CH 4 m −2 s −1 in work by Yung et al. [1984] . Hence, the additional aerosol trapping/adsorption suggested in Model 12 (Aero) of 3.0 × 10 12 CH 4 m −2 s −1 would amount to between a 2-6% enhancement to the global destruction of methane [cf. Mandt et al., 2009] . Moreover, this additional loss need not come solely from aerosols, and other processes (such as electron impact dissociation) could also contribute significantly.
[53] Finally, in section 4 we demonstrated that the T-GITM results could be replicated by an independent, hydrostatic diffusion model that neglected both (1) the N 2 -CH 4 coupling and (2) chemical destruction of methane. Comparing the diffusion Model B to Model 12 (NC) illustrates that both models, in large part, are in agreement with one another. Both models use a reduced methane mixing ratio of 1.1% deep in the atmosphere and both reproduce the INMS methane measurements with low escape rates. This forced reduction in the methane mole mixing ratio at the lower boundary of both Model 12 (NC) and Model B remains inconsistent with GCMS, and it is due to the omission of methane chemistry (see Table 5 ).
[54] Ultimately, we have demonstrated that: (1) the methane homopause altitude is most likely 1000 km, (2) using this homopause, vertical escape fluxes of methane of 1.0 × 10 10 CH 4 m −2 s −1 can match the INMS data when using GCMS constraints, and (3) these results are independent of the model employed. Moreover, we have shown that other methane loss processes, such as aerosol trapping [Bar-Nun et al., 2008] , allows T-GITM to match INMS data using a lower boundary methane mixing ratio of 1.43%, which lies within the measurement uncertainties of GCMS [Niemann et al., 2010] 6. On the Possibilities and Probabilities of Hydrodynamic Escape of Methane [55] Early work by both Yelle et al. [2008] and Strobel [2009] (and later by Strobel [2010] ) have suggested that hydrodynamic escape is required to reproduce INMS methane densities and composition. However, no work to date has been able to reconcile these escape rates (2.0-2.8 × 10 13 CH 4 m −2 s −1
) with near-Titan carbon ion estimates by CAPS and MIMI, both of which place an upper limit to neutral carbon outflow at 1.0-2.0 × 10 11 CH 4 m −2 s −1 . Moreover, hydrodynamic escape is typically defined as the bulk outflow of an atmosphere [cf. Tian et al., 2008] , which stabilizes atmospheres from an unstable "blowoff" state. Thus, in a truly hydrodynamic scenario, one would expect that all major constituents would be flowing outward according to their abundances near the exobase.
[56] However, in the scenario posited by Strobel [2009 Strobel [ , 2010 and Yelle et al. [2008] , only CH 4 is hydrodynamically escaping Titan's upper atmosphere. Meanwhile N 2 is assumed to be static (i.e., 0.0 velocities at all altitudes). Additionally, after incorporating the factor of 3.0 into the INMS density data of Magee et al. [2009] , H 2 INMS data can be reproduced by T-GITM using Jeans escape alone [see Bell et al., 2010a Bell et al., , 2010b . Thus, in order to support the hydrodynamic escape hypothesis for methane, one must invoke a mechanism that selectively energizes the relatively heavy constituent CH 4 , while not impacting either the more abundant N 2 or the lightest gas H 2 .
[57] Furthermore, other modeling studies, such as Bell et al. [2010a Bell et al. [ , 2010b and Tucker and Johnson [2009] have not been able to drive the atmosphere of Titan into a hydrodynamic escape regime, regardless of additional inputs of energy. The studies by Bell et al. [2010a Bell et al. [ , 2010b employ the non-hydrostatic GITM framework, which has been shown to simulate enhanced vertical flows in response to localized heating events at Earth [cf. Deng et al., 2008] . Similarly, the Direct Simulation Monte Carlo (DMSC) technique of Tucker and Johnson [2009] is capable of generating enhanced escape rates from both thermal and non-thermal processes. Despite this, neither the non-hydrostatic Navier-Stokes model, nor the kinetic model can reproduce hydrodynamic methane escape self-consistently at Titan. Thus, if one were to prefer the hydrodynamic escape hypothesis to explain Titan's upper atmosphere, then there are three major aspects to that require further study: (1) why do the data sets in the magnetosphere (i.e., CAPS and MIMI) refute its predictions? (i.e., why does 99% of the neutral methane leave no ion signature in the magnetosphere?); (2) Why can't other models capable of predicting non-hydrostatic outflows from planetary atmospheres reproduce it self-consistently (without simply imposing it as a boundary condition)?; (3) Finally, why is methane alone energized by these processes while N 2 is left static and H 2 simply escapes with Jeans escape speeds?
[58] However, as we have shown in this study, there is a more straight-forward alternative to the hydrodynamic escape hypothesis that reproduces that INMS data equivalently well, while also remaining consistent with HASI, CIRS, GCMS, CAPS, and MIMI. Using updated GCMS and INMS determinations of the 40 Ar abundances and 14 N/ 15 N ratios, we have found that the methane homopause is most likely at 1000 km. And, using this homopause altitude, we can: (1) use lower atmospheric constraints from multiple instruments (HASI, CIRS, GCMS), (2) use low methane escape rates consistent with CAPS and MIMI, and (3) reproduce all the major species measured by INMS between TA and T40 to within 10%. This configuration is also consistent with the previous estimates of the methane homopause altitude
